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The Low C02-lnducible 36-Kilodalton Protein 1s Localized to 
t h e C h I oro p I as t E n ve I o pe o f Chlam ydom on a s reinha rdfii' 
Ziyadin Ramazanov, Catherine B. Mason, Anne M. Ceraghty, Martin H. Spalding, and James V. Moroney* 
Department of Botany, Louisiana State University, Baton Rouge, Louisiana 70803 (Z.R., C.B.M., J.V.M.); and 
Department of Botany, lowa State University, Ames, lowa 5001 1 (A.M.G., M.H.S.) 
The localization of the 36-kD polypeptide of Chlamydomonas 
reinhardtii induced by photoautotrophic growth on low COz con- 
centrations (0.03% in air [v/v], low COz-grown cells) has been 
investigated. This polypeptide was specifically localized to the 
chloroplast envelope membranes isolated from low COz-grown 
cells and was not present in the chloroplast envelopes isolated 
from high (5% COz in air [v/v]) COz-grown cells. The 36-kD protein 
does not show carbonic anhydrase activity and was not present on 
the plasma membranes isolated from low COz-grown cells. This 
protein may, in part, account for the different inorganic carbon 
uptake characteristics observed in chloroplasts isolated from high 
and low COz-grown cells of C. reinhardtii. 
Chlamydomonas reinhardtii, a unicellular green alga, grows 
photoautotrophically at very low concentrations of Ci. This 
alga's capability to assimilate Ci efficiently is due to the 
induction of a CCM (Badger et al., 1980; Aizawa and Miyachi, 
1986; Moroney and Mason, 1991). C. reinhardtii adapts to 
low Ci conditions with an apparent photosynthetic K, (COz) 
of <2 to 5 PM (Palmqvist et al., 1990), which is due to its 
ability to concentrate Ci internally to levels much higher than 
could be obtained by diffusion (Badger et al., 1980). 
If C. reinhardtii is grown on elevated COz (>1% [v/v] in 
air, high COz-grown cells), it exhibits a relatively low affinity 
for externa1 Ci (Badger et al., 1980). In contrast, if the alga is 
grown at low COz concentrations (low COz-grown cells), 
these cells induce the CCM, acquire a very high affinity for 
Ci, and have an extremely low COz compensation point 
(Badger et al., 1980). However, the mechanism of adaptation 
of alga1 cells to low Ci conditions has not been well charac- 
terized. In addition, most of the components of CCM in algae 
have not been identified. 
Many investigators believe that an important role in the 
CCM is played by the enzyme CA (Aizawa and Miyachi, 
1986). However, clarification of the concrete role played by 
CA in regulation of the carbon nutrition and CCM in cells is 
complicated by the fact that certain algae contain severa1 
forms of CA (Fujiwara et al., 1990; Rawat and Moroney, 
1991). These isoforms of CA differ not only in intracellular 
location, but also in the nature of dependence of their activity 
upon the cultivation conditions, the COz concentration in 
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particular (Fujiwara et al., 1990; Rawat and Moroney, 1991). 
Moreover, at the same time that the cell induces the CCM 
and increases its affinity for externa1 Ci, at least five polypep- 
tides that are either absent or present in low amounts in cells 
grown on high COz concentrations, are induced (Coleman 
and Grossman, 1984; Manuel and Moroney, 1988; Spalding 
and Jeffrey, 1989). At the present time, there is little infor- 
mation about location and functional role of these proteins 
in the CCM, but a mutant strain of C. reinhardtii, cia-5, which 
cannot make these proteins, requires elevated COz for 
growth, implying that these proteins are involved in Ci ac- 
quisition (Moroney et al., 1989). 
One of these induced polypeptides has a molecular mass 
of 36 kD (Geraghty et al., 1990). In earlier fractionation 
studies, this 36-kD protein was found to precipitate with the 
membrane fraction (Spalding and Jeffrey, 1989). In addition, 
Mason et al. (1990), using 35S labeling of C. reinhardtii, 
showed that a low COz-inducible 36-kD polypeptide was 
localized to intact chloroplasts, whereas the 37-kD CA was 
periplasmic. In an independent study, Geraghty et al. (1990) 
raised an antibody to the low COz-inducible 36-kD polypep- 
tide and demonstrated that this protein was immunologically 
distinct from the periplasmic CA. In this work, we demon- 
strate that the low COz-inducible 36-kD protein is specif- 
ically localized to the chloroplast envelope membranes of 
C. reinhardtii. 
MATERIALS AND METHODS 
Alga Strains and Culture Conditions 
The cell-wall deficient mutant of Chlamydomonas reinhard- 
tii, CC-400 cw-15 mt+, and the eyespot-deficient mutant, ey- 
550, were obtained from the Duke University Chlamydomonas 
Culture Collection. In liquid culture, the cells were grown in 
minimal medium, aerated with air or air supplemented with 
5% COZ (v/v), and illuminated with 300 pE m-' s-' of white 
light. Cells were grown synchronously with 12-h light/l2-h 
dark cycles and harvested 4 h into the light cycle. 
Abbreviations: CA, carbonic anhydrase; Ci, inorganic carbon; 
CCM, Ci concentrating mechanism; high COZ, air supplemented with 
COZ so that the final COz concentration is 5% (v/v); low COz, air 
containing ambient (350 ppm) COZ; LIP-36, a low CO2-inducible 
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Chloroplast, Chloroplast Envelope, and Thylakoid
Membrane Isolation
All steps were carried out at 0 to 4°C. Intact chloroplasts
were isolated as described by Mason et al. (1991). Chloroplast
envelopes were isolated by modification of the method of
Clemetson and Boschetti (1988). Briefly, cells in Chloroplast
isolation buffer containing 50 mM Hepes-KOH, pH 7.5, 300
mM sorbitol, 1 mM MgCl2/ 2 mM Na-EDTA, and 1% BSA
were broken by passage through a narrow-gauge syringe at
a concentration of 3 mg Chl mL"1. Crude chloroplasts were
concentrated by centrifugarion at 1500 rpm for 1 min. The
crude Chloroplast fraction was then resuspended in 15 mL of
0.6 M Sue in 10 mM Tris, pH 7.8, 1 mM EDTA and incubated
for 10 min at 0°C. The suspension was subjected to two
freeze/thaw cycles of 1 h each, then homogenized vigorously
with a Potter-Elvehjem homogenizer. The chloroplasts were
then adjusted to 1.3 M Sue by dropwise addition of 1.8 M Sue
in 10 mM Tris/EDTA, pH 7.8, and envelopes were isolated
by floatation as described by Clemetson and Boschetti (1988).
When thylakoid membranes were used, after the floatation
step the green band was also collected, concentrated by
centrifugation, and resuspended in Chloroplast isolate buffer.
Plasma Membrane Isolation
Plasma membranes were isolated by a modification of
previously published methods (Larsson, 1985; Dolle, 1988).
Cells were broken as described by Mason et al. (1991). The
crude homogenate was then centrifuged at l,500g for 30 min
to remove chloroplasts and cell debris. The supernatant was
collected and centrifuged for 1 h at 28,000g to pellet micro-
somal membranes. The pellet was resuspended in 10 mL of
solution 1 (330 mM Sue, 60 mM NaCl, 10 mM DTT, 0.1 mM
EDTA, 0.1 mM PMSF, and 5 mM K-phosphate, pH 7.8 [Lars-
son, 1985]). This solution was overlaid with 50 g of phase
mixture (Dolle, 1988) to give a final concentration of 6.5%
(w/w) Dextran T500, 6.5% (w/w) PEG 3350, 330 mM Sue,
60 mM NaCl, 10 mM DTT, 0.1 HIM EDTA, 0.1 mM PMSF, and
5 mM K-phosphate (pH 7.8). This suspension was inverted
two times and centrifuged for 5 min at l,500g to separate the
phases. The membranes were then separated by washing the
two phases two additional times. The final upper phase was
diluted 5-fold with solution 1 and pelleted by centrifugation
at 80,000g for 1 h. The final pellet was taken up in Chloroplast
isolation buffer without BSA and frozen.
spectrophotometrically. Proteins were estimated by the
method of Bradford (1976), and SDS-PAGE was performed
as previously described (Laemmli, 1970). The immunoblot
assay was performed according to the protocol from Bio-Rad
Laboratories except that 5% nonfat dry milk was used to
block the nitrocellulose.
Materials
Polyclonal antibodies against LIP-36 were raised as previ-
ously described (Geraghty et al., 1990). Goat anti-rabbit
immunoglobulin G (H -I- L) horseradish peroxidase conjugate
and horseradish peroxidase color development reagent were
purchased from Bio-Rad Laboratories. Dextran T500 and PEG
3350 were purchased from Sigma.
RESULTS
Figure 1 shows protein and immunoblot analysis of intact
chloroplast and Chloroplast envelope fractions isolated from
high and low CGvgrown C. reinhardtii cells. Cell homoge-
nates and organelle fractions were subjected to SDS-PAGE
and either stained with Coomassie blue (Fig. 1A) or blotted
and probed with an antibody raised against the LIP-36 poly-
peptide (Fig. IB). LIP-36 was found to be present in chloro-
plasts isolated from low CGvgrown cells, but not in chloro-
plasts isolated from high CGvgrown cells (Fig. IB). This
indicates that the LIP-36 described by Geraghty et al. (1990)
is likely to be the same polypeptide as the low CGvinducible
chloroplast protein reported by Mason et al. (1990). The data
in Figure IB further show that the 36-kD protein is localized
to the chloroplast envelopes isolated from low CGvgrown
cells. Again, the polypeptide was absent in envelope mem-
branes from high CGvgrown cells. These envelope prepara-





CA (EC 4.2.1.1.) activity was determined in 30 mM N-
[2-hydroxyethyl]piperazine-N'-[3-propane sulfonic acid]
(Epps), pH 8.2, supplemented with 1 mM MgCl2 and 1 mM
EDTA. CA activity was measured by determining the time
taken for the pH to drop from 8.1 to 7.4 at 2°C in a 1-mL
sample. The reaction was started by rapidly injecting 1 mL
of ice-cold CGvsaturated, distilled H2O. One unit of activity
(Wilbur Andersen units) is defined as (ta/t) — 1, where t0 and
t are the times for the pH change of the nonenzymic (CA
buffer) and the enzymic reaction (algal sample), respectively.
Galactosyl transferase was assayed as described by Cline
and Keegstra (1983). Chl concentrations were determined
Figure 1. Protein and immunoblot analysis of intact chloroplasts
and chloroplast envelopes from high and low CO2-grown C. rein-
hardtii cells. Cell homogenates, intact chloroplasts, and chloroplast
envelopes were subjected to SDS-PACE and either stained with
Coomassie blue (A) or blotted and probed with an antibody raised
against the LIP-36 polypeptide (B). For stained gels, each sample
contained 40 ng of protein. For the immunoblots, each sample
contained 10 Mg of protein. Lane 1, Crude homogenate of low CO2-
grown cells; lane 2, crude homogenate of high CC>2-grown cells;
lane 3, intact chloroplasts from low CO2-grown cells; lane 4, intact
chloroplasts from high CO2-grown cells; lane 5, chloroplast enve-










tr user on 11 O
ctober 2021
Low COj-lnduced Chloroplast Envelope Protein in Chlamydomonas 1197
Table I. Ca/actosy/ transferase activity in different cell and
membrane fractions from C. reinhardtii cells
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tions appeared to be of good quality because they had high
levels of galactosyl transferase activity, a marker enzyme for
Chloroplast envelope membranes (Douce and Joyard, 1980).
In Table I are presented the galactosyl transferase activities
of different cell and membrane fractions from C. reinhardtii
cells. These results clearly show an enrichment of activity in
the chloroplast envelope preparations relative to the galac-
tosyl transferase activity in the intact chloroplast envelope
preparation. Additional evidence concerning the quality of
the chloroplast envelopes is the pigment composition of the
fraction. It has been shown that the chloroplast envelopes
contain high levels of carotenoids and little, if any, Chl
(Mendiola-Morgenthaler et al., 1985). An absorbance spec-
trum of the chloroplast envelope fraction isolated from C.
reinhardtii cw-15 is presented in Figure 2 and confirms that
the chloroplast envelope fraction was greatly enriched
in carotenoids. The amount of Chl in these preparations
was very low, indicating a low contamination by thylakoid
membranes.
Chloroplast envelopes were also isolated from the eyespot
mutant ey-550 (Morel-Laurens and Bird, 1984), and these
envelopes had an absorbance spectrum very similar to the
envelopes isolated from cw-15 cells. This indicates that the
cw-15 envelope fraction is rich in carotenoids and contains
little or no eyespot pigment.
We also probed thylakoid membranes with the LIP-36
antibody to determine whether this protein was localized on






Figure 2. Absorbance spectrum of isolated envelope membranes
from C. reinhardtii. The membranes were at a concentration of 2
A<g protein mL~' in 1:1 (v/v) chloroforrmmethanol.
Figure 3. Immunoblot analysis of thylakoid membranes, plasma
membranes, and chloroplast envelopes from high and low CO2-
grown C. reinhardtii cells. Thylakoid membranes, plasma mem-
brane, and chloroplast envelope preparations were subjected to
SDS-PACE and blotted and probed with an antibody raised against
the LIP-36 polypeptide. A, Immunoblot analysis of thylakoid mem-
branes and chloroplast envelopes. Each lane contains 15 ^g of
protein. Lane 1, Thylakoid membranes from low CO2-grown cells;
lane 2, thylakoid membranes from high CO2-grown cells; lane 3,
chloroplast envelopes from low CO2-grown cells; lane 4, chloroplast
envelopes from high CO2-grown cells. B, Immunoblot analysis of
chloroplast envelopes and plasma membranes. Each lane contained
10 Mg of protein. Lane 1, Chloroplast envelopes from low CO2-
grown cells; lane 2, chloroplast envelopes from high CO2-grown
cells; lane 3, plasma membranes from low CO2-grown cells; lane 4,
plasma membranes from high CO2-grown cells.
equal protein loads, we were unable to detect the 36-kD
protein on the thylakoid membranes, whereas the envelope
membranes clearly showed the presence of this protein (Fig.
3A). In addition, the amount of the 36-kD protein, as judged
by immunoblots, correlated with the increase in specific
activity of galactosyl transferase when crude chloroplasts,
intact chloroplast, and chloroplast envelope preparations
were compared (see Fig. 1 and Table I). The reason the
galactosyl transferase activity is not as highly enriched as
seen in pea or spinach chloroplast envelopes is thought to be
due to the instability of the C. reinhardtii activity. However,
the activity is still enriched over 10-fold from the crude
chloroplast preparation used to purify the chloroplast enve-
lopes. These data strongly support the contention that LIP-
36 is a chloroplast envelope protein.
The 36-kD protein has been implicated as playing a role in
CC>2 acquisition in C. reinhardtii because its biosynthesis
coincides with the induction of the CCM in this alga (Spald-
ing et al., 1991). There have been reports that d transport
might take place at the plasma membrane, chloroplast en-
velope (Beardall, 1981; Moroney et al., 1987; Goyal and
Tolbert, 1989), or both membranes (Thielmann et al., 1990;
Ramazanov and Cardenas, 1992) in unicellular algae. There-
fore, we isolated plasma membranes from C. reinhardtii to
determine whether the plasma membranes were contaminat-
ing the chloroplast envelope preparation. The plasma mem-
branes were isolated from high and low Crgrown cells
according to Dolle (1988). These plasma membrane prepa-
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with silicotungstic acid, as seen in electron micrographs of 
thin sections. These properties are consistent with the plasma 
membranes isolated from higher plants (Larsson, 1985) and 
C. reinhardtii (Dolle, 1988). These plasma membrane prepa- 
rations were then probed with the antibody to LIP-36 to 
determine the relative amounts of this protein in the plasma 
membrane as compared with the chloroplast envelope. We 
were unable to detect the LIP-36 polypeptide in the plasma 
membrane from either low or high C02-grown cells. At the 
same protein concentration, the LIP-36 polypeptide was 
easily detected in the chloroplast envelope preparation from 
low CO1-grown cells (Fig. 38). These data indicate that the 
36-kD polypeptide is not present on the plasma membrane 
and that the LIP-36 present on the chloroplast envelope is 
not due to a contamination of this preparation with plasma 
membranes. 
Chloroplast envelopes were also assayed for CA activity. 
In principle, a CA localized between the inner and outer 
envelope membranes could facilitate the diffusion of CO2 
into the chloroplast. No CA activity was detected in the 
envelope preparations from high C02-grown cells or from 
low C02-grown cells. Because the envelope preparation as- 
sayed from low C02-grown cells contained roughly 1 pg of 
the LIP-36 polypeptide, as estimated from Coomassie blue 
staining intensity after SDS gel electrophoresis, it appears 
that LIP-36 does not have CA activity. 
DlSCUSSlON 
C. reinhardtii possesses a CCM that involves at least five 
inducible proteins (Coleman and Grossman, 1984; Manuel 
and Moroney, 1988; Spalding and Jeffrey, 1989). These pro- 
teins include the periplasmic CA, soluble proteins with mo- 
lecular masses of 46 and 44 kD (Manuel and Moroney, 1988; 
Spalding and Jeffrey, 1989), and membrane-associated pro- 
teins with molecular masses of 36 and 21 kD (Spalding and 
Jeffrey, 1989). The results presented in this paper localize the 
36-kD polypeptide to the chloroplast envelope and indicate 
that the 36-kD polypeptide is not present in the plasma 
membrane or thylakoid membranes. Additionally, it appears 
that the plasma membrane preparation is relatively free of 
chloroplast envelope contamination. These membrane prep- 
arations will continue to be useful in determining the trans- 
port step(s) involved in the delivery of Ci to Rubisco in the 
pyrenoid of the chloroplast. 
This paper also provides further circumstantial evidence 
that an important step in Ci accumulation may take place at 
the chloroplast envelope. Transport of Ci across the chloro- 
plast envelope of algae has been proposed by severa1 re- 
searchers (Beardall, 1981; Moroney et al., 1987; Palmqvist et 
al., 1990). Accumulation of Ci has been observed in intact 
chloroplasts isolated from low C02-grown C. reinhardtii (Mo- 
roney et al., 1987; Moroney and Mason, 1991) and Dunaliella 
(Goyal and Tolbert, 1989; Ramazanov and Cárdenas, 1992). 
Both C. reinhardtii and Dunaliella (Thielmann et al., 1992) 
have chloroplast envelope proteins that are specifically pres- 
ent in low C02-grown cells. 
The role of the LIP-36 polypeptide is still unclear, although 
the observation that its biosynthesis is induced along with 
the periplasmic CA implies that it is important in COZ acqui- 
sition (Spalding et al., 1991). LIP-36 is absent in envelopes 
isolated from high COz-grown cells, and intact chloroplasts 
isolated from high CO1-grown cells fail to accumulate C, in 
the light. However, LIP-36 does not appear to have any CA 
activity. The fact that cia-5, a strain of C. reinhardtii that 
requires high COZ for growth, does not make LIP-36 (Moro- 
ney et al., 1989; Spalding et al., 1991) also indicates that this 
polypeptide may play an important role in C, accumulation. 
In addition, antibodies raised against LIP-36 from C. rein- 
hardtii recognize a low C02-inducible protein in Chlorella 
vulgaris C-66, a chlorophycean alga that also induces a CCM 
when grown under low C02 conditions (data not shown). 
The LIP-36 polypeptide is the first low C02-inducible chlo- 
roplast envelope protein to be described in C. reinhardtii. This 
protein may, in part, be responsible for the physiological 
differences in C, uptake observed between chloroplasts iso- 
lated from low and high C02-grown cells. 
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